The high prevalence of preexisting immunity to adenovirus serotype 5 (Ad5) in human populations will likely limit the immunogenicity and clinical utility of recombinant Ad5 vector-based vaccines for human immunodeficiency virus type 1 and other pathogens. Ad5-specific neutralizing antibodies (NAbs) are thought to contribute substantially to anti-Ad5 immunity, but the potential importance of Ad5-specific T lymphocytes in this setting has not been fully characterized. Here we assess the relative contributions of Ad5-specific humoral and cellular immune responses in blunting the immunogenicity of a rAd5-Env vaccine in mice. Adoptive transfer of Ad5-specific NAbs resulted in a dramatic abrogation of Env-specific immune responses following immunization with rAd5-Env. Interestingly, adoptive transfer of Ad5-specific CD8
Replication-defective recombinant adenovirus serotype 5 (rAd5) vector-based vaccines elicit potent and protective immune responses in a variety of animal models (4, 19, 22, 23) . Clinical trials of rAd5 vaccines for human immunodeficiency virus type 1 (HIV-1) and other pathogens are therefore currently in progress (14) . A major limitation of this approach, however, is that the majority of the human population has preexisting anti-Ad5 immunity that may substantially reduce the immunogenicity and clinical utility of rAd5 vaccines. In fact, anti-Ad5 immunity has already been demonstrated to suppress the immunogenicity of rAd5 vaccines in studies in mice (3, 31) , rhesus monkeys (4) , and humans in early phase I clinical trials.
It is generally accepted that potent Ad5-specific neutralizing antibodies (NAbs) contribute substantially to the suppressive effects of anti-Ad5 immunity (7, 8, 12, 25, 27, 32) . Far less is known about the biological importance of Ad5-specific T-lymphocyte responses. Ad5-specific CD4 ϩ and CD8 ϩ T lymphocytes have been found in both humans (9, 17, 18, 20) and mice (11, 13, 21, 29, 30) . However, the importance of Ad5-specific T lymphocytes in suppressing the immunogenicity of rAd5 vaccines has not been fully characterized.
In this study, we investigate the relative contributions of Ad5-specific humoral and cellular immune responses in suppressing the immunogenicity of a rAd5-Env vaccine in mice. By adoptive-transfer studies, we demonstrate that NAbs and CD8 ϩ T lymphocytes both contribute to immunity to Ad5. These data suggest that novel Ad vector-based vaccines should overcome both humoral and cellular immune responses to circumvent preexisting anti-Ad5 immunity.
MATERIALS AND METHODS
Mice and immunizations. BALB/c mice, 6 to 8 weeks old, were purchased from Charles River Laboratories (Wilmington, Mass.). For rAd5 immunizations, mice were injected intramuscularly with various doses of E1-deleted, replicationincompetent rAd5-HIV-1 Env IIIB gp140⌬CFI (3) in 100 l of sterile phosphate-buffered saline (PBS). To induce anti-Ad5 immunity, mice were preimmunized intramuscularly, either once or twice (4 weeks apart), with 10 10 virus particles (vp) of rAd5-Empty, containing no insert, in 100 l of sterile PBS.
Adoptive transfers. To study the inhibitory effects of Ad5-specific humoral and cellular immunity, 5 ϫ 10 7 splenocytes or 500 l of serum pooled from donor mice with or without anti-Ad5 immunity were adoptively transferred to naive recipient mice by tail vein injection. On the day following adoptive transfer, recipient mice were immunized with 10 8 vp of rAd5-Env. Purified immunoglobulin G (IgG) was prepared from serum with a protein A antibody purification kit (Sigma, St. Louis, Mo.) and dialyzed into endotoxin-free Dulbecco's PBS (Life Technologies, Gaithersberg, Md.) before being used in adoptive-transfer studies. Serum and purified IgG from mice with anti-Ad5 immunity exhibited comparable Ad5-specific NAb titers. Purified CD8 ϩ T lymphocytes were prepared by negative selection with a murine CD8 ϩ T-cell isolation kit (Miltenyi Biotec, Auburn, Calif.) and were Ͼ95% pure as assessed by flow cytometry. Splenocytes and fractionated cell populations were resuspended at a density of 10 8 cells/ml in endotoxin-free Dulbecco's PBS before being used in adoptive transfer studies.
Tetramer staining. Tetrameric H-2D d complexes folded around the HIV-1 IIIB V3 loop optimal P18 epitope peptide (P18-I10; RGPGRAFVTI) (24) were prepared and used to stain P18-specific CD8 ϩ T lymphocytes essentially as described previously (1, 2) . Mouse blood was collected in RPMI 1640 containing 40 U of heparin per ml. Following lysis of the red blood cells (RBCs), 0.1 g of phycoerythrin-labeled D d /P18 tetramer in conjunction with allophycocyanin-labeled anti-CD8␣ monoclonal antibody (MAb) (Ly-2; Caltag, San Francisco, Calif.) was used to stain P18-specific CD8 ϩ T lymphocytes. The cells were washed in PBS containing 2% fetal bovine serum and fixed in 0.5 ml of PBS containing 1.5% paraformaldehyde. Samples were analyzed by two-color flow cytometry on a FACSCalibur instrument (Becton Dickinson Pharmingen, Mountain View, Calif.). Gated CD8 ϩ T lymphocytes were examined for staining with the D d /P18 tetramer. CD8 ϩ T lymphocytes from naive mice were used as negative controls and exhibited Ͻ0.1% tetramer staining.
Env-specific ELISPOT assays. Enzyme-linked immunospot (ELISPOT) assays were used to assess gamma interferon (IFN-␥) production by splenocytes from vaccinated mice in response to the P18 epitope peptide or a pool of 47 overlapping 15-amino-acid peptides derived from HIV-1 Env IIIB gp120 (Centralised Facility for AIDS Reagents, Potters Bar, United Kingdom). ELISPOT assays were performed 4 weeks following immunization. Multiscreen plates with 96 wells (Millipore, Bedford, Mass.) coated overnight with 100 l of 10-g/ml rat anti-mouse IFN-␥ (Pharmingen, San Diego, Calif.) in PBS per well were washed with endotoxin-free Dulbecco's PBS containing 0.25% Tween 20 and blocked for 2 h at 37°C with PBS containing 5% fetal bovine serum. The plates were washed three times with Dulbecco's PBS containing 0.25% Tween 20, rinsed with RPMI 1640 containing 10% FBS, and incubated in triplicate with 5 ϫ 10 5 splenocytes per well in a 100-l reaction volume containing 2 g of peptide per ml. For studies utilizing the Env peptide pool, each peptide in the pool was present at 2 g/ml. Following an 18-h incubation, the plates were washed nine times with Dulbecco's PBS containing 0.25% Tween 20 and once with distilled water. The plates were then incubated for 2 h with 75 l of 5-g/ml biotinylated rat antimouse IFN-␥ per well, washed six times with Coulter Wash (Coulter Corp., Miami, Fla.), and incubated for 2 h with a 1:500 dilution of streptavidin-AP (Southern Biotechnology Associates, Birmingham, Ala.). Following five washes with Coulter Wash and one wash with PBS, the plates were developed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl-␤-D-galactoside (NBT/BCIP) chromogen (Pierce, Rockford, Ill.), the reaction was stopped by washing with tap water, and the plates were air dried and read using an ELISPOT reader (Hitech Instruments, Edgement, Pa.).
Env-specific ELISA. Serum anti-gp120 antibody titers from immunized mice were measured by a direct enzyme-linked immunosorbent assay (ELISA) essentially as described previously (2) . ELISAs were performed 0, 2, and 4 weeks following immunization. Plates (96 wells) coated overnight with 100 l of 1-g/ml recombinant HIV-1 Env IIIB gp120 (Intracel, Cambridge, Mass.) in PBS per well were blocked for 2 h with PBS containing 2% bovine serum albumin and 0.05% Tween 20. Sera were then added in serial dilutions and incubated for 1 h. The plates were washed three times with PBS containing 0.05% Tween 20 and incubated for 1 h with a 1:2,000 dilution of a peroxidase-conjugated affinitypurified rabbit anti-mouse secondary antibody (Jackson Laboratory, Bar Harbor, Maine). The plates were then washed three times and developed with tetramethylbenzidine (KPL, Gaithersburg, Md.), the reaction was stopped with 1% HCl, and the plates were analyzed at 450 nm with a Dynatech MR5000 ELISA plate reader.
Ad-specific ELISPOT assays. Ad5-specific cellular immune responses were assessed by IFN-␥ ELISPOT assays using BALB/c mouse splenocytes incubated with Ad5-infected syngeneic NIH 3T3 stimulator cells essentially as described previously (26) . 3T3 cells were plated at a density of 10 6 cells per well in a six-well plate and infected with E1-deleted rAd5-Empty at a multiplicity of infection of 2 ϫ 10 4 for 3 days. ELISPOT assays using splenocytes from immunized mice were then performed as described above, with 5 ϫ 10 5 splenocytes per well and 1 ϫ 10 5 Ad5-infected 3T3 stimulator cells per well instead of peptide antigens. For negative controls, splenocytes were incubated with uninfected 3T3 cells or medium alone.
Ad-specific NAb assay. Ad5-specific NAb responses were assessed by luciferase-based virus neutralization assays essentially as described previously (26) . A549 human lung carcinoma cells were plated at a density of 10 4 cells per well in 96-well plates and infected with E1-deleted rAd5-luciferase reporter constructs at a multiplicity of infection of 500 with two-fold serial dilutions of serum in 200-l reaction volumes. Following a 24-h incubation, luciferase activity in the cells was measured using the Steady-Glo luciferase reagent system (Promega, Madison, Wis.). The 90% neutralization titers were defined as the maximum serum dilution that neutralized 90% of luciferase activity.
Statistical analyses. Data are presented as means and standard errors. Statistical analyses were performed with GraphPad Prism version 2.01 (GraphPad Software, Inc., 1996). Comparisons of mean immune responses among groups of mice were performed by analyses of variance with Bonferroni adjustments to account for multiple comparisons. In all cases, P values of less than 0.05 were considered significant.
RESULTS

Ad5
-specific humoral and cellular immune responses. Our laboratory and others have previously demonstrated that antiAd5 immunity markedly suppresses immune responses elicited by E1-deleted, replication-incompetent rAd5 vector-based vaccines in mice (3, 31) . In this study, we sought to define the primary immune effector mechanisms responsible for these suppressive effects. Groups of BALB/c mice (four mice per group) were preimmunized with one injection of 10 10 vp of rAd5-Empty to induce anti-Ad5 immunity. After 4 weeks, these mice were immunized with different doses of the rAd5 vaccine expressing HIV-1 Env IIIB gp140⌬CFI (3). Vaccineelicited CD8 ϩ T-cell responses specific for the immunodominant H-2D d -restricted P18 epitope (24) were assessed following immunization by tetramer binding to CD8 ϩ T lymphocytes (1, 2). As shown in Fig. 1 , mice with anti-Ad5 immunity exhibited a dramatic 90% reduction of tetramer ϩ CD8 ϩ T-lymphocyte responses elicited by 10 9 vp of rAd5-Env and a complete abrogation of responses elicited by 10 7 vp of rAd5-Env compared with mice without anti-Ad5 immunity.
We next assessed the magnitude of Ad5-specific NAb and T-lymphocyte responses in mice with anti-Ad5 immunity. Ad5-specific NAb titers were measured by luciferase-based virus neutralization assays, and Ad5-specific T-lymphocyte responses were measured by ELISPOT assays using Ad5-infected syngeneic stimulator cells (26) . As shown in Fig. 2 were readily detected in mice with anti-Ad5 immunity. The titers of Ad5-specific NAbs induced by one and two injections of rAd5-Empty were comparable to the range of Ad5-specific NAb titers typically found in humans (reference 26 and unpublished data), suggesting that these levels of anti-vector immunity are biologically relevant. Adoptive transfers using mice with low levels of anti-Ad5 immunity. We next sought to determine whether cellular or humoral immune responses were responsible for the suppressive effects of anti-Ad5 immunity on the immunogenicity of rAd5-Env. We therefore performed a series of adoptive-transfer studies using splenocytes or serum from donor mice with or without anti-Ad5 immunity. For these studies,
We next performed adoptive-transfer studies using donor mice with low levels of anti-Ad5 immunity. Donor mice received one injection of 10 10 vp of rAd5-Empty and were sacrificed after 4 weeks. Splenocytes or serum from these mice were adoptively transferred to naive recipient mice (four mice per group) prior to immunization with 10 8 vp of rAd5-Env. As shown in Fig. 4A , adoptive transfer of splenocytes resulted in a 31% trend toward reduction of peak tetramer CD8 ϩ Tlymphocyte responses on day 10 following immunization. By days 21 to 28 following immunization, however, there was only a marginal reduction of memory tetramer ϩ CD8 ϩ T-lymphocyte responses in these mice. Adoptive transfer of serum resulted in 74 and 49% reductions of peak and memory tetramer ϩ CD8 ϩ T-lymphocyte responses, respectively. Adoptive transfer of serum also resulted in a trend toward lower ELIS-POT responses (Fig. 4B) and Env-specific antibody titers (Fig.  4C ). As expected, mice with active anti-Ad5 immunity developed no detectable Env-specific cellular or humoral immune responses following rAd5-Env immunization. Adoptive transfers using mice with high levels of anti-Ad5 immunity. To investigate further the suppressive effects of Ad5-specific cellular and humoral immune responses on the immunogenicity of rAd5-Env, we performed similar adoptivetransfer studies using donor mice with high levels of anti-Ad5 immunity. Donor mice received two injections of 10 10 vp of rAd5-Empty at week 0 and 4 and were sacrificed at week 8. These mice developed potent Ad5-specific NAb and T-lymphocyte responses as shown in Fig. 2 . Splenocytes or serum from these mice was adoptively transferred to naive recipient mice (four mice per group) prior to immunization of the recipient mice with 10 8 vp of rAd5-Env. As shown in Fig. 5A , adoptive transfer of splenocytes from these donor mice resulted in a 68% reduction of peak tetramer ϩ CD8 ϩ T-lymphocyte responses on day 10 following immunization and a durable 47% reduction of memory tetramer ϩ CD8 ϩ T-lymphocyte responses by days 21 to 28 following immunization (P Ͻ 0.01 when comparing responses between groups on day 10 or 28 following immunization, using analyses of variance with Bonferroni adjustments to account for multiple comparisons). As shown in Fig. 5B and C, adoptive transfer of splenocytes from these donor mice similarly resulted in significant reductions of ELISPOT and ELISA responses (P Ͻ 0.01). Adoptive transfer of serum from these donor mice resulted in a Ͼ95% abrogation of vaccine-elicited tetramer ϩ CD8 ϩ T-lymphocyte, ELISPOT, and ELISA responses (P Ͻ 0.001), presumably as a result of primary neutralization of the vaccine vector. We next assessed the evolution of Ad5-specific NAbs in these mice following adoptive transfer of splenocytes or serum. As shown in Fig. 5D , mice that did not receive any adoptive transfer failed to generate detectable Ad5-specific NAbs (titers of Ͻ16), suggesting that the rAd5-Env vaccine at a dose of 10 8 vp was insufficient to elicit high-titer Ad5-specific NAbs. As expected, adoptive transfer of serum resulted in early, hightiter NAbs that waned over time. Interestingly, adoptive transfer of splenocytes from mice with anti-Ad5 immunity resulted in the emergence of Ad5-specific NAbs that increased in titer from week 2 to week 4. These data suggest that adoptively transferred B lymphocytes or CD4 ϩ T lymphocytes contributed to the generation of Ad5-specific NAbs following rAd5-Env immunization.
Ad5-specific NAbs and CD8 ؉ T lymphocytes both contribute to Ad5 immunity. To define more precisely the immunologic mechanisms by which serum and splenocytes from mice with anti-Ad5 immunity suppressed the immunogenicity of rAd5-Env, we performed adoptive-transfer studies using purified IgG and CD8 ϩ T lymphocytes. IgG was purified from serum with protein A columns. Purified IgG and serum exhibited comparable Ad5-specific NAb titers (data not shown). As shown in Fig. 6A , adoptive transfer of purified IgG from mice with anti-Ad5 immunity was as effective as serum in suppressing tetramer ϩ CD8 ϩ T-lymphocyte responses elicited by the rAd5-Env vaccine. Purified IgG and serum were also comparable in their ability to suppress vaccine-elicited ELISPOT and ELISA responses (data not shown). Ad5-specific NAb titers in mice that received purified IgG or serum showed similar early peaks and clearance kinetics (Fig. 6B) . The suppression of rAd5-Env immunogenicity that we observed following adoptive transfer of splenocytes (Fig. 5 ) may have reflected either Ad5-specific CD8 ϩ T lymphocytes or the higher levels of Ad5-specific NAbs that developed following immunization in these mice. To differentiate between these possibilities, we performed a similar adoptive-transfer study using purified CD8 ϩ T lymphocytes from mice with high levels of anti-Ad5 immunity. CD8 ϩ T lymphocytes were purified from splenocytes by negative selection using antibody-coated magnetic beads. As shown in Fig. 7A , adoptive transfer of purified CD8
ϩ T lymphocytes resulted in 58 and 50% reductions of peak and memory tetramer ϩ CD8 ϩ T-lymphocyte responses, respectively, elicited by the rAd5-Env vaccine (P Ͻ 0.01). As shown in Fig. 7B and C, these mice also exhibited significant reductions of vaccine-elicited ELISPOT and ELISA responses (P Ͻ 0.01). The lack of detectable Ad5-specific NAb responses in these mice following immunization [ Fig. 7D , CD8 (ϩ)] confirmed that this effect was mediated solely by CD8 ϩ T lymphocytes.
Interestingly, adoptive transfer of splenocytes depleted of CD8 ϩ T lymphocytes failed to blunt the early kinetics of the vaccine-elicited tetramer ϩ CD8 ϩ T-lymphocyte responses but did result in a partial suppression of these responses by days 14 to 28. This late suppression corresponded to the emergence of Ad5-specific NAbs in these animals [ Fig. 7D, CD8 (Ϫ) ]. These data suggest that adoptively transferred B lymphocytes or CD4 ϩ T lymphocytes have the ability to mediate a degree of late suppression of vaccine-elicited immune responses, presumably through the generation of Ad5-specific NAbs.
DISCUSSION
Recombinant Ad5 vector-based vaccines for HIV-1 and other pathogens have shown considerable promise in preclinical studies and are currently being advanced into clinical trials (4, 19, 22, 23) . The high prevalence of preexisting anti-Ad5 immunity in human populations, however, may substantially limit the immunogenicity and clinical utility of these vaccines. A detailed understanding of the immunologic effector mechanisms by which anti-Ad5 immunity blunts the immunogenicity of rAd5 vaccines is therefore critical in the development of strategies to overcome this problem. In this study, we modeled the suppressive effects of anti-Ad5 immunity on the immunogenicity of a rAd5 vaccine by performing adoptive-transfer studies with mice. We showed that Ad5-specific NAbs and CD8 ϩ T lymphocytes both contribute to immunity to the Ad5 vector and that the degree of suppression of vaccine-elicited immune responses was dependent on the titer of Ad5-specific NAbs and the frequency of Ad5-specific T lymphocytes.
The dramatic abrogation of vaccine-elicited immune responses following adoptive transfer of Ad5-specific NAbs demonstrates that humoral immunity plays a central role in antiAd5 immunity. These results are consistent with previous reports showing that antibodies against viral capsid proteins exhibit potent neutralizing activity (7, 8, 25, 27) . We also observed that Ad5-specific CD8 ϩ T lymphocytes contribute sub- , and Env-specific ELISAs (C). (D) Ad5-specific NAb titers of these mice were assessed before and after the adoptive transfer. This study was repeated three times.
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Ad5-SPECIFIC HUMORAL AND CELLULAR IMMUNE RESPONSES 2671 stantially to anti-Ad5 immunity, although to a lesser extent than Ad5-specific NAbs. These data suggest that NAbs may represent the primary immunologic effector mechanism of anti-Ad5 immunity and that CD8 ϩ T lymphocytes probably play an important but secondary role. We suspect that Ad5-specific CD8 ϩ T lymphocytes will prove most relevant in individuals with high levels of anti-Ad5 immunity, although the frequency of Ad5-specific CD8 ϩ T lymphocytes in humans has not been clearly established.
Containment of viral infections often involves both humoral and cellular virus-specific immune responses. NAbs function by neutralizing free virus and blocking infection of cells, whereas CD8
ϩ T lymphocytes typically function by eliminating virally infected cells and suppressing viral replication. For a replication-defective vaccine vector that does not undergo multiple rounds of reinfection in vivo, however, the role of vector-specific CD8 ϩ T lymphocytes in reducing transgene expression and vaccine-elicited immune responses is less well defined. We hypothesize that Ad5-specific CD8 ϩ T lymphocytes function by rapidly eliminating virally infected antigenpresenting cells prior to optimal immune priming.
Previous studies have suggested that CD8 ϩ T lymphocytes can contribute to the eventual clearance of virally infected hepatocytes in a murine model of Ad5-based cystic fibrosis gene therapy, suggesting that cellular immune responses may present an obstacle to sustained transgene expression (29, 30) . Our results extend these observations and demonstrate that Ad5-specific CD8 ϩ T lymphocytes also suppress immune responses elicited by rAd5 vaccines that do not require long-term transgene expression. In contrast to our results, however, a recent study reported that adoptive transfer of CD8 ϩ T lymphocytes from mice with anti-Ad5 immunity did not in fact suppress the immunogenicity of a rAd5-Gag vaccine (6) . These apparent differences may be explained by the lower level of anti-Ad5 immunity induced by 10 8 vp of Ad5 in this previous study. Interestingly, even this low frequency of Ad5-specific CD8 ϩ T lymphocytes was sufficient to reduce the immunogenicity of a heterologous chimpanzee rAd68-Gag vaccine (6) . These data suggest that the functional importance of crossreactive T-lymphocyte responses between serologically distinct Ads may be substantially greater than has previously been appreciated. Other investigators have similarly observed that anti-Ad5 immunity was able to suppress chimeric Ad vectors that were designed to evade Ad5-specific NAb responses (8, 32) . These effects may in part reflect cross-reactive Ad5-specific T-lymphocyte responses, although this possibility was not directly studied.
Our results have substantial implications for the development of second-generation Ad vaccine vectors that aim to circumvent the problem of preexisting anti-Ad5 immunity. Novel Ad vectors are currently being developed both from rare human serotypes (12, 15, 16, 26) and from species other than humans (5, 6, 10, 28) . The experiments presented here suggest that novel vectors will probably need to evade both Ad5-specific NAbs and T-lymphocyte responses to overcome anti-Ad5 immunity. Further studies are therefore warranted to determine the primary Ad5-specific NAb and T-lymphocyte epitopes in both humans and animal models and the extent of their cross-reactivity with Ads of other serotypes.
